1. Introduction {#sec1}
===============

Propane is considered as a combustion archetype as it exhibits all the key features of larger *n*-alkanes. These long-chain hydrocarbons exhibit certain experimental combustion characteristics that are consistent with both the explosion limit curves and practical considerations. The first is that they exhibit negative temperature coefficients of the reaction rate.^[@ref1]^ Newitt and Thornes found that the spontaneous ignition temperature of the propane--oxygen mixtures showed a negative temperature coefficient (NTC) behavior.^[@ref2]^ A characteristic negative coefficient behavior was also observed when the ignition delay times for the propane/air mixtures were plotted as a function of temperature.^[@ref3]^ The temperature range at which NTC was observed for propane depends on the pressure and mixture composition, which was usually located at low temperatures.^[@ref3],[@ref4]^ The latest research showed that the NTC behavior of propane occurred between 600 and 650 K.^[@ref5]^ Generally, there was no NTC behavior when the temperature was higher than 875 K.^[@ref6]−[@ref8]^

The second is that they exhibit cool flames. The cool flames are governed by the low-temperature chemistry via oxygen addition to fuel radicals and subsequent isomerization and radical branching reactions.^[@ref9]^ It was found that the existence of the cool flame can dramatically extend the lean and rich flammability limits of the conventional high-temperature flame.^[@ref10],[@ref11]^ Furthermore, a cool flame and two-stage ignition were observed for the propane/oxygen mixtures in microgravity conditions.^[@ref12]^ Moreover, the cool flame may be related to a two-stage ignition phenomenon. The first-stage ignition was marked by a temperature increase of 10--100 K followed by a hot ignition stage.^[@ref13],[@ref14]^

As ozone has a significant effect on cool flame, it has been used in the ignition timing control of gasoline compression ignition engines^[@ref15],[@ref16]^ and HCCI engines.^[@ref17]^ In addition, the cool flames of butane isomers,^[@ref18]^ dimethyl ether,^[@ref19]^*n*-decane,^[@ref20]^ and *n*-heptane^[@ref21]^ activated by ozone were also widely investigated. Furthermore, the cool flames could be stabilized through the ozone addition in flat laminar flame.^[@ref22]^ Previous research showed that the O radical was released through the decomposition of O~3~ prior to the reaction zone, which reacts with fuel to generate OH radicals. This reaction path is critical to activate the low-temperature chemistry through the chain-branching reactions and enables the observation of cool flames.^[@ref20],[@ref23],[@ref24]^ Further research showed that since O~3~ can significantly promote the low-temperature reactivity of the fuel, the reactivity of the cool flame is basically independent of the size of *n*-alkane molecules.^[@ref25]^

The objectives of the present work are the following. First, because the cool flame is very important in the actual combustion process, it is necessary to investigate the specific temperature and pressure ranges of the cool flame for larger hydrocarbons. In this case, propane is selected as a representative of larger hydrocarbons as it has similar combustion characteristics to larger hydrocarbons. Second, since O~3~ is often used to promote and enhance the stability of cool flame, the effect of O~3~ addition on the cool flame explosion region should be studied. Third, because the S-shaped explosion limit curve has been recognized for propane/oxygen systems, we will scrutinize whether the reactivity of the cool flame will be significantly promoted with the addition of ozone in the system, thereby reforming the explosive limit characteristics. Finally, the heat release rates will be determined and sensitivity analyses will be conducted to find out the most important elementary reactions that control the explosion limit of the propane/oxygen/ozone systems.

2. Computational Methods {#sec2}
========================

The SENKIN code was used to compute the explosion limit of the C~3~H~8~/O~2~/O~3~ mixtures.^[@ref26]^ Five C3 submechanisms are taken from the recently published research. The comprehensive iso-octane model (KAUST, 153 species, and 929 reactions),^[@ref27]^ 2-butene (AramcoMech 2.0, 151 species, and 943 reactions) model,^[@ref28]^ Green's propane model,^[@ref13]^ DTU propane model,^[@ref29]^ and LLNL *n*-heptane model^[@ref30]^ are used for the mechanism validation. The ten-step O~3~ submechanism developed by Zhao and Ju^[@ref31]^ was adopted to account for the ozone chemistry, and it was added to each of the C3 oxidation mechanisms.

In this work, the simulation was carried out by assuming an adiabatic system with a constant volume to study the spontaneous ignition problems. Furthermore, six radial wall termination reactions were added to the mechanism. Since the reaction vessel used in the Newitt and Thornes experiment is 28 cm long and 5.5 cm in diameter, the reaction rate was calculated with the real surface/volume ratio instead of the spherical chamber assumption in the previous research.^[@ref32]^

The carriers were destroyed at the wall according to the following reactionswith the equivalent reaction rate constants per unit volume, *k*~H~, *k*~O~, *k*~OH~, *k*~HO~2~~, *k*~H~2~O~2~~,

and *k*~HCO~, given bywhere *v̅* = (8*k*~B~*T*/π*m*)^1/2^ is the average velocity of the thermal motion of the carriers at temperature *T*, *m* is the molar mass, and *k*~B~ is the Boltzmann constant. The sticking coefficient *ε* measures the destruction efficiency in the collision with the wall, and usually *ε* ≈ 10^--5^--10^--2^ for glass and quartz. As the reaction vessel used in the Newitt and Thornes experiment is made of transparent silica, the sticking coefficient is taken as 10^--3^ in this study. Further calculations indicate that the sticking coefficient has moderate effects on the first explosion limits; however, only a slight effect is shown for the second and third explosion limits.

The calculations were all conducted under the stoichiometric conditions (except for the model validation with the experimental data) with different mole fractions of ozone, which is defined as \[O~3~\]/(\[O~2~\] + \[O~3~\]). The explosion and nonexplosion conditions were searched within the temperature range of 350--2500 K and pressure range of 3.5--10^9^ Pa. An explosion criterion of a 50 K increase of the initial temperature within 10 s was employed in this study. This criterion is selected to ensure that the temperature change is small and the residence time is long enough compared with the characteristic time and temperature scales in the practical applications. Another criterion like an average pressure rise rate of 3%/ms was used for the determination of cool flame ignition.^[@ref33]^ The explosion limit is the temperature vs pressure boundaries between the explosion and nonexplosion conditions.

3. Results and Discussion {#sec3}
=========================

3.1. Validation and Calculation of the Explosion Limit {#sec3.1}
------------------------------------------------------

To begin with, the calculated explosion limits of the equimolecular propane/oxygen mixtures were compared with the experimental data of Newitt and Thornes^[@ref34]^ to verify the chemistry kinetic models to be used, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. As the experimental data were acquired in a much longer time, most of them were between 0.5 and 2.5 min; the residence time in the calculation was set as 1.5 min to be consistent with the experiment. Because the explosion criterion in the experiment is based on the chemiluminescence of formaldehyde, there may be some deviations between the experimental explosion limit and the calculation results. It should be noticed that the residence time of all of the other calculations is 10 s. As the hot flame limit is also included in the experimental data, the calculated hot flame limits are also provided in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for comparison, where the explosion criterion of the temperature is changed to 400 K. The explosion limit calculated with the 50 K temperature increase criterion is named as the cool flame explosion limit. Generally, cool flame explosion limits calculated with the AramcoMech 2.0, KAUST, Green, and DTU models all show the NTC behaviors as the experimental data. However, the NTC behavior of the cool flame explosion limit is not that obvious when using the LLNL oxidation model. Furthermore, the NTC behaviors of the cool flame and hot flame explosion limits lie in the much lower pressure and higher temperature regions when using the Green and DTU models compared with the experimental data. In addition, the cool flame and hot flame explosion limits calculated by the AramcoMech 2.0 and KAUST models almost coincide with each other. Moreover, the NTC behaviors are in the same temperature and pressure ranges as the experimental data. As a better agreement with the experimental data is found using the AramcoMech 2.0 mechanism and the KAUST model compared with the DTU, LLNL, and Green models, the AramcoMech 2.0 mechanism is used in the following calculations.

![Comparison of the calculated and experimental cool flame and hot flame explosion limits of equimolecular C~3~H~8~/O~2~ mixtures.](ao0c00725_0001){#fig1}

3.2. Effect of Ozone Addition on the Explosion Limit {#sec3.2}
----------------------------------------------------

The cool flame and hot flame explosion limits of the stoichiometric C~3~H~8~/O~3~/O~2~ mixtures with the addition of ozone are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The S-shaped cool flame explosion limit curve gradually transits to a monotonic curve with the addition of O~3~ in the C~3~H~8~/O~3~/O~2~ mixture.

![Effect of ozone addition on the cool flame and hot flame limits of stoichiometric C~3~H~8~/O~2~/O~3~ mixtures. (a) 400 K temperature increase criterion and (b) maximum 850 K temperature criterion.](ao0c00725_0002){#fig2}

It is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} that when minute quantities of ozone were added in the system, the cool flame explosion limit of the C~3~H~8~/O~3~/O~2~ mixture is shifted to the low-temperature region, especially in the NTC region. The area of the cool flame region is expanded to the lower-pressure and lower-temperature region, which means the cool flame can be significantly promoted with the addition of O~3~. Moreover, when the mole fraction of ozone is less than or equal to 0.8%, the explosion limit curve remains S-shaped, and the NTC response still exists in the low-temperature region, which is bounded by two turning points (*P*~1~, *T*~1~) and (*P*~2~, *T*~2~). With the addition of O~3~, the turning point of (*P*~2~, *T*~2~) moves to the low-temperature and low-pressure region. In contrast, the pressure of the turning point (*P*~1~, *T*~1~) is gradually reduced and the temperature of the turning point (*P*~1~, *T*~1~) is almost unchanged with the addition of ozone. However, with a further increase of the mole fraction of O~3~ to more than 0.8%, the pressure of the turning point (*P*~1~, *T*~1~) is lower than that of the turning point (*P*~2~, *T*~2~). In this case, the NTC response no longer exists. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, when the mole fraction of ozone is larger than or equal to 1.0%, a monotonic explosion limit is achieved. With a further increase of the mole fraction of ozone, the explosion limit of C~3~H~8~/O~3~/O~2~ mixtures is totally moved to the low-temperature region. In this case, the low-temperature reactivity of the fuel is significantly promoted by O~3~ so that the S-shaped explosion limit characteristics of the larger *n*-alkanes disappear.

For the hot flame explosion limits, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b shows two results calculated by different explosion criteria. One uses a 400 K increase of the initial temperature within 10 s, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, and the other uses the maximum temperature reach of 850 K within 10 s, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. There are also two turning points (*P*~11~, *T*~11~) and (*P*~22~, *T*~22~) for both of the hot flame explosion limits. For the C~3~H~8~/O~2~ mixture, point (*P*~1~, *T*~1~) and point (*P*~11~, *T*~11~) are roughly coinciding with each other, and together with point (*P*~2~, *T*~2~) and point (*P*~22~, *T*~22~), they are forming the cool flame peninsula. With the addition of O~3~ in the mixture, the turning point (*P*~22~, *T*~22~) is almost always attached to the explosion limit of the cool flame. However, the cool flame turning point (*P*~1~, *T*~1~) is gradually moving away from the hot flame turning point (*P*~11~, *T*~11~). That is, the turning point (*P*~1~, *T*~1~) and turning point (*P*~11~, *T*~11~) are separated from each other. Furthermore, the hot flame explosion limit curve always keeps NTC features when the mole fractions of ozone are less than or equal to 1.0%. However, the hot flame explosion limit loses its nonmonotonic behavior for the cases with ozone mole fractions larger than or equal to 2.0%. The difference between these two hot flame explosion criteria at 700--800 K is due to the initial temperature becoming too close to the 850 K criterion.

The temperature and pressure profiles of three cases with 0.5% O~3~ under different explosion statuses are compared in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b. Along the isotherm line of 600 K, the initial pressures of the three cases are chosen as 1000, 10 000, and 100 000 Pa for the nonexplosion, cool flame, and hot flame conditions, respectively. The temperature and pressure curves of the hot flame cases have the typical characteristics of two-stage ignition, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b. Furthermore, the pressure and temperature curves show only a single-stage rise in the cool flame region. For nonexplosion conditions, the temperature and pressure curves are only slightly increased, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b.

![Comparison of the temperatures (a) and pressures (b) under the nonexplosion, cool flame, and hot flame conditions.](ao0c00725_0003){#fig3}

The comparisons of the mole fractions of propane, ozone, and formaldehyde during the oxidation process under different conditions are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For the nonexplosion condition, the mole fractions of propane and ozone decrease slowly, while the mole fractions of formaldehyde increase slowly. For the cool flame condition, ozone is almost consumed completely in the first half second. Meanwhile, there is an obvious consumption of propane, which consumes about 10% of the fuel. Moreover, the mole fraction of propane remains almost unchanged after 0.5 s. At the same time, the mole fraction of formaldehyde shows a sharp increase and reaches its peak value at around 0.5 s. For the hot flame case, propane shows a two-stage consumption process, and ozone is almost completely depleted in the first stage of the reaction. A large amount of formaldehyde is generated in the first-stage reaction, while due to the consumption of formaldehyde in the following reaction process, the mole fraction of formaldehyde decreases gradually. At the beginning of the hot flame stage, the mole fraction of formaldehyde increases sharply. However, because of the high temperature in the second-stage ignition, formaldehyde completely oxidizes immediately.

![Mole fractions of the main species under the nonexplosion, cool flame, and hot flame conditions.](ao0c00725_0004){#fig4}

The main reactions with the largest absolute peak heat release rate for the cool flame and hot flame cases are compared in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. For the hot flame case, only the main reactions in the first-stage ignition are given in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. For both of the cases, the reactions in the low-temperature reaction path of propane comprise most of the main exothermic reactions, including the H-abstraction reaction of propane by OH radicals, the oxygen addition to normalpropyl (*n*-C~3~H~7~) and isopropyl (*i*-C~3~H~7~), and the decomposition reaction of the propylperoxyl radicals. Moreover, the H~2~O~2~ production reaction through the reaction of HO~2~ with HO~2~ also appears in both cases. It should be noticed that the peak heat release rate of the ozone decomposition reaction is higher than that of the three reactions involving CH~3~ and CH~3~O in the cool flame case, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. However, the peak heat release rates of the three reactions involving CH~3~ and CH~3~O are obviously higher than that of the ozone decomposition reaction for the hot flame case, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b.

![Heat release rates of the main reactions under the cool flame (a) and hot flame (b) conditions.](ao0c00725_0005){#fig5}

3.3. Key Reactions Analysis with O~3~ Addition {#sec3.3}
----------------------------------------------

To find the dominant O~3~-involved elementary reaction affecting the explosion limit of the C~3~H~8~/O~3~/O~2~ mixtures, the chemical reaction rate perturbation method was used to study the sensitivity of each elementary reaction on the explosion limit. More specifically, in each calculation, a 90% decrease or a corresponding increase of 90% of the original reaction rate was conducted individually for the ten O~3~-involved reactions; then, the explosion limits calculated by the modified mechanism were compared with the explosion limit calculated by the original mechanism. The reaction that can lead to the most significant deviation of the explosion limit from the original explosion limit is the reaction with the largest sensitivity. The explosion limits calculated by the perturbed and original mechanisms are compared in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b. It was found that only two reactions have a significant effect on the explosion limit of the C~3~H~8~/O~3~/O~2~ mixtures.

![Sensitivity of the main reactions involving ozone: (a) 90% decrease of the original rate and (b) corresponding increase of 90% of the reaction rate.](ao0c00725_0006){#fig6}

The most sensitive reaction to the overall trend of the explosion limit is the O radical generation reaction through the decomposition of O~3~. Since this unimolecular reaction has a first-order with low activation energy, it will proceed faster than the other radical involved in the higher-order reaction.^[@ref35]^ The produced O radical will react with propane to generate propyl and OH radicals. Then, propane will react with OH and O radicals through the hydrogen-abstraction reactions. Consequently, the overall reaction rate is greatly improved. However, when the ozone was not present in the mixtures, the reaction will be initiated by the reaction of propane with O~2~ through the H-abstraction reaction. Therefore, the initial reactivity of the system is lower.

When the temperature is lower than the bottom temperature in the cool flame region, the explosion pressure increases monotonically with a decrease in temperature. In addition, the effect of the third-body reaction increases gradually with an increase in pressure. When the pressure increases to a certain extent, the effect of the reverse reaction of O~3~ + (M) = O~2~ + O + (M) is comparable with its forward reaction. Therefore, the effect of the ozone unimolecular decomposition reaction on the explosion limit will gradually decrease until it disappears with an increase in pressure. However, the increased pressure will promote the HO~2~ generation rate through the rapid third-body reaction H + O~2~ + M = HO~2~ + M.^[@ref32]^ This makes the reaction O~3~ + HO~2~ = OH + O~2~ + O~2~ to have a significant effect on the explosion limit in the high-pressure and low-temperature region, as the concentration of HO~2~ is greatly increased. Otherwise, the consumption rate of HO~2~ is dominantly controlled by 2HO~2~ = H~2~O~2~ + O~2~ and the radical wall destruction reaction of HO~2~ in the higher-pressure regime where the temperature is low.^[@ref36]^

The effect of pressure on the forward and backward reaction rates of the ozone decomposition reaction, O~3~ (+M) = O~2~ + O (+M), has been investigated. The ratio of these two reaction rates is given in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. At the very beginning of the reaction process, this rate ratio is very large, which is larger than 10^15^. This is because the concentration of the O radical is almost zero during the initial stage, which results in a very small backward reaction rate. As the reaction is initiated, the concentration of the O radical is increased, which leads to a sharp reduction in the reaction rate ratio. After that, the reaction rate ratio gradually reduces to 1.0, which means that the forward and backward reactions reach an equilibrium state. However, for the nonexplosion case (low-pressure condition), the ratio stays around 3.0 × 10^4^, which is because O~3~ is not completely consumed. It should be noticed that the ratio decreases with an increase in pressure, which means the effect of the reverse third-body reaction increases.

![Forward and backward reaction ratios of the ozone decomposition reaction.](ao0c00725_0007){#fig7}

To further investigate the effect of ozone addition on the explosion limit of the C~3~H~8~/O~3~/O~2~ mixtures, the reaction pathway analysis was conducted to identify the key reaction path of the mixtures with different ozone fractions (0.0 and 0.5%). The initial temperature and pressure were chosen as 600 K and 100 000 Pa, respectively. Only the reaction paths with the relative (to the total) rate of production values for each species larger than 5% are retained in the figure. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, when there is no ozone in the mixture, propane is mainly consumed through the H-abstraction reaction by OH radicals. Two isomers normalpropyl (*n*-C~3~H~7~) and isopropyl (*i*-C~3~H~7~) are generated, which account for 46.4 and 47.6% of the propane consumption rate, respectively. Then, isopropyl reacts through the following route: IC~3~H~7~ → IC~3~H~7~O~2~ → IC~3~H~7~O~2~H → IC~3~H~7~O → CH~3~ → CH~3~O~2~ → CH~3~O~2~H → CH~3~O. The normalpropyl reaction route is NC~3~H~7~ → NC~3~H~7~O~2~ → C~3~H~6~OOH → C~3~H~6~OOHO~2~ → C3ket → CH~2~CHO → O~2~CH~2~CHO → HO~2~CH~2~CO → CO. When ozone is added to the mixture, two extra propane consumption paths appear, which are the H-abstraction reactions by O radicals, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. They account for 21.6 and 12.3% of the propane consumption rate. Furthermore, the propane consumption rates through the OH radicals are reduced to 31.1 and 31.8%, respectively. It should be noticed that another OH radical can be generated through the H-abstraction reaction by the O radical, which can significantly increase the reactivity of the mixture. The reaction path of the generated normalpropyl and isopropyl is quite similar to that of the mixture without ozone.

![Effect of ozone addition on the propane oxidation pathway: (a) stoichiometric C~3~H~8~/O~2~ mixtures and (b) stoichiometric C~3~H~8~/O~2~/O~3~ mixture with 0.5% O~3~. Initial condition: 600 K, 100 000 Pa. Pathway output condition: 650 K.](ao0c00725_0008){#fig8}

4. Conclusions {#sec4}
==============

In this paper, the effect of ozone addition on explosion limit profiles of the C~3~H~8~/O~2~ mixtures is studied systematically. The result shows that when minute quantities of ozone were added in the system, less than or equal to 0.8% of the mole fraction of ozone for stoichiometric mixtures, the explosion limit is extended to the low-temperature region, especially in the high-pressure region. In addition, the explosion limit profile remains S-shaped. However, when the mole fraction of ozone is further increased from 0.8 to 1.0%, the NTC response no longer exists. When the mole fraction of ozone is larger than or equal to 1.0%, a monotonic explosion limit appears. The sensitivity analysis of the main reactions involving ozone reveals that the most sensitive reaction is the O radical generation reaction through the decomposition of O~3~. However, the effect of the ozone unimolecular decomposition reaction on the explosion limit will gradually decrease until it disappears with an increase in pressure. In addition, the reaction O~3~ + HO~2~ = OH + O~2~ + O~2~ has a significant effect on the explosion limit in the high-pressure and low-temperature region. The dominant pathway of the oxygen radical from the low temperature is the chain-branching reaction of the oxygen radical with propane.
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